The existence of Dirac cones in the band structure of two-dimensional materials accompanied by unprecedented electronic properties is considered to be a unique feature of graphene related to its hexagonal symmetry. Here, we present other two-dimensional carbon materials, graphynes, that also possess Dirac cones according to first-principles electronic structure calculations. One of these materials, 6,6,12-graphyne, does not have hexagonal symmetry and features two self-doped nonequivalent distorted Dirac cones suggesting electronic properties even more amazing than that of graphene.
Since its first preparation [1] graphene, Fig. 1(a) , has attracted tremendous interest predominantly due to its extraordinary electronic properties, making it highly interesting from a technical point of view as a promising material for carbon-based electronics [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Most important is probably the extremely high conductivity of graphene [3] [4] [5] [6] [7] [8] [9] [10] . Graphene exhibits ballistic charge transport and enormously high carrier mobilities with comparable conductivities of electrons and holes. The cause of the amazing electronic properties of graphene is its peculiar band structure featuring so-called Dirac points and cones [2] [3] [4] . At a Dirac point the valence and conduction bands of graphene meet in a single point at the Fermi level. This means that graphene can be considered as a semiconductor with zero band gap, or, alternatively, as a metal with zero density of states (DOS) at the Fermi level. In the vicinity of a Dirac point the valence and conduction bands form a double cone, the Dirac cone, and approach the Dirac point with zero curvature along certain symmetry-determined directions. Because of its honeycomb structure consisting of two equivalent hexagonal carbon sublattices the electrons in graphene can formally be described by a Dirac-like Hamiltonian operator containing a twodimensional pseudospin operator [2] [3] [4] . The applicability of this specific Dirac-like Hamiltonian operator is a peculiarity of the hexagonal honeycomb structure of graphene. However, we show here that the existence of Dirac-conelike features in the band structure of two-dimensional (2D) materials does neither depend on a honeycomb structure nor on hexagonal symmetry. We will adopt the nomenclature to generally denote a double conelike feature where the valence and conduction band of a 2D material meet in a single point at or very close to the Fermi level Dirac cone provided that valence and conduction band approach the meeting point, then designated as Dirac point, with zero curvature from at least one direction.
So far, the only 2D carbon allotrope that can be produced or synthesized is graphene [1, [10] [11] [12] [13] [14] [15] [16] [17] [18] . However, infinitely many other 2D periodic carbon allotropes, e.g., graphynes or graphdiynes, can be envisioned [19] [20] [21] [22] [23] [24] . Graphynes and graphdiynes are built from triple-and double-bonded units of two carbon atoms. Examples are displayed in Fig. 1 . Many graphynes and graphdiynes including those depicted in Fig. 1 can be assumed to be chemically stable. Indeed, finite building blocks and cutouts have already been synthesized [22, 23, [25] [26] [27] [28] [29] [30] , and first steps towards the preparation of extended graphynes and graphdiynes have been proposed and developed [22, 24, 26, 27] . Future synthesis of graphyne materials might involve the use of surfaces as support and templates in approaches related to the recently reported synthesis of graphene on metal surfaces by chemical vapor deposition of organic precursor molecules [12] [13] [14] [15] [16] [17] [18] . Whether attempts to synthesize extended graphyne materials are worthwhile depends on the properties such materials would have, in particular, on their electronic properties.
Reliable predictions of material properties require first-principle calculations. In the case of graphynes the methods of choice are based on density functional theory (DFT). Previous DFT studies [20, [31] [32] [33] [34] [35] concerned with the calculation of electronic properties of graphynes classified them as semiconducting or metallic materials without investigating the possibility of the presence of Dirac cones. In one semiempirical study [36] , which employed the density-functional-based tight-binding method, hints on the presence of a graphenelike electronic structure were given for one graphyne. We note in passing that Dirac cones were observed at interfaces of topological insulators [37, 38] .
In this work we investigate three graphynes, called -graphyne, -graphyne, and 6,6,12-graphyne [Figs. 1(b) and 1(c), respectively] by DFT methods in a slab approach using the program package VASP [39] and the exchange-correlation functional according to Perdew, Burke, and Ernzerhof [40] ; for details see Supplemental Material [41] . For each of these graphynes, we first carried out a geometry optimization. In every case, we confirmed by a vibrational analysis that the optimized structures are stable, i.e., constitute minima on the potential energy surface. In the next step, band structures and DOSs were calculated.
The band structures and DOSs of -graphyne and -graphyne ( Fig. 2 and 3) show that -graphyne has two and -graphyne has six points in the Brillouin zone where valence and conduction band meet in a single point at the For -graphyne these meeting points of valence and conduction bands are Dirac points equivalent to those of graphene and are located at the same positions in the Brillouin zone, the K and K 0 points. The slopes and curvatures, i.e., first and second derivatives of the band energies of the two involved bands in reciprocal space, equal AE28 eV # A and AE250 eV # A 2 compared to AE34 eV # A and AE130 eV # A 2 in graphene when approaching a Dirac point on a line through the À and K point, respectively, the À and K 0 point. When approaching a Dirac point along lines perpendicular to the former ones the slopes essentially remain unchanged while the curvatures are zero. In -graphyne, on the other hand, the meeting points of valence and conduction bands are Dirac points not located at the K or K 0 point but on lines from À to M. If the Dirac point is approached along the latter line then the two involved bands exhibit curvatures of þ800 and À840 eV # A 2 . (The corresponding slopes equal À16 and þ18 eV # A.) Perpendicular to the line from À to M, which is a mirror line in reciprocal space for -graphyne, the valence and conduction bands approach a Dirac point with zero curvature and slopes of AE28 eV # A. The Dirac cones of -graphyne and -graphyne exhibit different symmetries. In -graphyne the Dirac cones, due to their location at the K and K 0 point, have a threefold symmetry like in graphene. This means valence and conduction bands have zero curvature not only along a line perpendicular to the À-K, respectively À-K 0 , direction, but also along lines obtained by rotating these lines by 120 and 240
. The two Dirac points of -graphyne are rotated by an angle of 60 against each other. In -graphyne, on the other hand, one of the six Dirac cones exhibits reflection symmetry with respect to the À-M direction and the valence and conduction bands have zero curvature only along the line perpendicular to this direction. The other five Dirac cones of -graphyne are symmetry related by rotations of the Brillouin zone in steps of 60 . In both cases the hexagonal symmetry prevents a significant directional dependence of the electronic properties in the plane of the material. Despite their differences in symmetry, 2D plots of Both -graphyne and -graphyne exhibit hexagonal lattice symmetry (p6m) like graphene. This symmetry is commonly considered a necessary precondition for the presence of Dirac cones. The band structure of 6,6,12-graphyne (Fig. 4) shows that this is not the case. In contrast to graphene or -graphyne and -graphyne, 6,6,12-graphyne has a rectangular (pmm) instead of a hexagonal symmetry. Nevertheless, 6,6,12-graphyne exhibits four Dirac points in its Brillouin zone which appear in two pairs, hereafter denoted as Dirac points I and II. The Dirac points of a given pair are symmetry related, those of different pairs are not. Only one of the two Dirac points of a given pair is shown in Fig. 4 . The orbitals (one-electron wave functions) at the two types of Dirac points are located at different carbon atoms as can be seen from their charge density plots; see the Supplemental Material [41] . [41] .) Around both Dirac points the valence and conduction bands exhibit a linear dispersion in the k y direction, the direction from À to X, whereas the bands show a finite curvature in the k x direction, the direction from À to X 0 . The slope of the bands in the k y direction equals AE25 eV # A at Dirac cone I and AE9 eV # A at Dirac cone II while the curvatures are zero. In the k x direction the slopes of the bands are þ23 eV # A and À26 eV # A at Dirac point I and AE7 eV # A at Dirac point II while the curvatures equal AE690 eV # A 2 at Dirac point I and AE2000 eV # A 2 at Dirac point II. The shape of the Dirac cones is related to the rectangular symmetry of 6,6,12-graphyne. The lines from À to X 0 and from X to M, where the distorted Dirac points are located at, are mirror lines in reciprocal space for 6,6,12-graphyne. The two lines run in the k x direction and determine the k y position of the Dirac cones while the k x position of the Dirac cones is not determined by symmetry. The rectangular symmetry, in particular, the distortion of the Dirac cones with different slopes and curvatures at the Dirac points in the k x and k y directions going along with it, implies direction-dependent electronic properties, notably conductivities. . This means that 6,6,12-graphyne is self-doped in the sense that at Dirac cone I electrons are present as charge carriers while at Dirac cone II holes are present as charge carriers. Because the two Dirac points of 6,6,12-graphyne are different with respect to shape and doping they will contribute differently to the electronic properties.
The example of -graphyne shows that the existence of Dirac points and cones is not a unique feature of graphene. Indeed, -graphyne is a material that in contrast to graphene contains carbon atoms in different chemical environments. Thus, the fact that all carbon atoms are chemically equivalent in graphene is not a prerequisite for the existence of a Dirac cone and accompanying electronic properties, like outstanding conductivity. The results for -graphyne demonstrate that Dirac cones not only can occur at the high-symmetry K and K 0 points but also at low-symmetry points in the Brillouin zone of 2D materials with hexagonal lattice symmetry. The example of 6,6,12-graphyne finally shows that even hexagonal symmetry is not a prerequisite for Dirac points. In the case of 6,6,12-graphyne a linear dispersion of the bands in the k y direction at its distorted Dirac points is related to its rectangular symmetry. This indicates that many 2D materials with various symmetries, probably even 2D materials that are made out of other atoms than carbon, could have Dirac points or distorted Dirac points and, as a result, could possess highly interesting electronic properties. In general, the examples presented here suggest that a wealth of 2D materials with electronic properties that might be similarly amazing and promising as those of graphene is waiting to be synthesized and applied. The specific example of 6,6,12-graphyne indicates that this material in some aspects is more versatile than graphene, due to its directional anisotropy and its nonequivalent Dirac points. 
